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ABSTRACT 
Controlling the bandgap through local-strain engineering is an exciting avenue for tailoring 
optoelectronic materials. Two-dimensional crystals are particularly suited for this purpose because 
they can withstand unprecedented non-homogeneous deformations before rupture: one can 
literally bend them and fold them up almost like a piece of paper. Here, we study multi-layer black 
phosphorus sheets subjected to periodic stress to modulate their optoelectronic properties. We find 
a remarkable shift of the optical absorption band-edge of up to ~0.7 eV between the regions under 
tensile and compressive stress, greatly exceeding the strain tunability reported for transition metal 
dichalcogenides. This observation is supported by theoretical models which also predict that this 
periodic stress modulation can yield to quantum confinement of carriers at low temperatures. The 
possibility of generating large strain-induced variations in the local density of charge carriers opens 
the door for a variety of applications including photovoltaics, quantum optics and two-dimensional 
optoelectronic devices. 
 
TEXT.  
The recent isolation of black phosphorus has unleashed the interest of the community working on 
2D materials because of its interesting electronic and optical properties: narrow intrinsic gap, 
ambipolar field effect and high carrier mobility.1–12 Black phosphorus is composed of phosphorus 
atoms held together by strong bonds forming layers that interact through weak van der Waals 
forces holding the layers stacked on top of each other. This structure, without surface dangling 
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bonds, allows black phosphorus susceptible to withstand very large localized deformations without 
breaking (similarly to graphene and MoS2).
13–15 Its outstanding mechanical resilience makes black 
phosphorus a prospective candidate for strain engineering, i.e. the modification of a material’s 
optical/electrical properties by means of mechanical stress.16 This is in contrast to conventional 
3D semiconductors that tend to break for moderate deformations. Very recent theoretical works 
explore the effect of strain on the band structure and optical properties of black phosphorus, 
predicting an even stronger response than in other 2D semiconductors such as transition metal 
dichalcogenides. Most of the reported works, however, are limited to theoretical studies13,14,17–19 
dealing exclusively with uniform strain, while the role of non-uniform strain remains poorly-
understood. 
Here we explore the effect of periodic strain profiles to modulate the electronic and optical 
properties of black phosphorus by combining hyperspectral imaging spectroscopy experiments and 
tight-binding calculations. We spatially probe the shift of the absorption edge in black phosphorus 
flakes subjected to a periodic strain profile of alternating compressive and tensile stress with 
periods of ~1 µm. We find that the optical absorption edge shifts towards higher energy at positions 
with tensile stress while compressive stress produces a shift towards lower energies. The 
magnitude of the observed shifts, around +10% (tensile) to -30% (compressive) of the unstrained 
sample gap, greatly exceeds typical values measured in transition metal dichalcogenides.20–26 The 
results of our tight-binding simulations are compatible with these observations for strains below ± 
5%. Most saliently, the observed spatial modulation of the absorption edge suggests the possibility 
of strain-induced confinement of carriers along the ripple valleys, where the local electronic gap 
is smallest. Such confinement is indeed confirmed by our numerical simulations of the system’s 
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local density of states. Quantum wires with discrete one-dimensional subbands are theoretically 
expected to develop in the presence of a non-uniform strain in the sample. These can have a strong 
impact in photovoltaics, as it is predicted that a spatial modulation of the band gap could be 
exploited to guide the photogenerated excitons towards the positions with the smaller band gap, 
thus facilitating the collection of photocurrent.23,27,28  
Black phosphorus samples have been fabricated by mechanical exfoliation of bulk black 
phosphorus (Smart Elements) with Nitto tape (SPV 224). All the measurements have been carried 
out in less than 20 minutes after the black phosphorus exfoliation to minimize its exposure to 
ambient conditions as it has been shown that black phosphorus degradation is negligible at such 
short time scales.2,29 In order to generate a periodic strain profile the exfoliated flakes have been 
transferred onto a pre-stretched elastomeric substrate (Gel-film®) and subsequently the strain has 
been suddenly released (see the Materials and Methods section of the main text and the Section 1 
of the Supporting Information for more details about the sample fabrication).23 For large initial 
pre-stress this process produces large delaminated wrinkles. For moderated initial stress (<30%), 
on the other hand, the trade-off between the compressive force, the bending rigidity and the 
adhesion force forms a periodic rippling in the black phosphorus flakes (without delamination). In 
fact, when a thin film is deposited on a compliant elastic substrate, subjected to moderate 
compressive uniaxial strain, the thin film buckles and the substrate deforms coherently, forming 
surface ripples with regions alternating tensile (on the summits) and compressive stress (on the 
valleys) on the elastomeric substrate that strains accordingly the adhered thin film. We address the 
reader to Ref. [30] for more details on the mechanisms involved in the buckling-induced-
delamination and buckling-induced-rippling processes. Note that, close to the flake edges one can 
 This is the post-peer reviewed version of the following article:  
J. Quereda et al. “Strong modulation of optical properties in black phosphorus through strain-engineered rippling”  
Nano Letters (2016) 
DOI:10.1021/acs.nanolett.5b04670 
Which has been published in final form at: 
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670  
  
 5 
typically find flat regions that have been delaminated from the substrate during the fabrication 
process, relaxing the accumulated strain. 
Figure 1a shows a transmission mode optical microscopy image of a 10 nm thick (~18 layers) 
black phosphorus flake on a Gel-film® substrate, which has been subjected to the buckling-
induced-rippling procedure described above. The thickness of the flake has been determined from 
its transmittance, measured at different wavelengths (see the Supporting Information for more 
details). The ripples have a period of ~1 µm. Note that thinner flakes yield shorter rippling period 
(the period is predicted to be proportional to the flake thickness 30) and thus we have limited our 
study to flakes with thickness >10 nm which provide ripple periods larger than the spatial 
resolution of the experimental setup. The height of the ripples can be estimated by atomic force 
microscopy (AFM), see the bottom panel in Figure 1a, although the measured topography can be 
distorted by the finite size of the AFM tip and the narrow spacing between ripple summits, which 
makes the valleys look artificially shallower, and by the compliance of the elastomeric substrate. 
One can also determine the relative orientation of the ripples with respect to the black phosphorus 
lattice by exploiting the strong linear dichroism of black phosphorus (its optical absorption 
depends on the relative orientation between the materials lattice and incident linearly polarized 
light).31,32 The flake shown in Figure 1 presents the ripples almost aligned parallel to the zigzag 
direction, with an uncertainty of ±5 degrees (see the Supporting Information for more details on 
the crystal orientation determination). During this work we found that the ripples tend to be 
preferentially aligned parallel to the zigzag direction (see Section 5 of the Supporting Information) 
in agreement with recent theoretical predictions that the zigzag direction is about 4 times stiffer 
than the armchair direction.13,14 
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The effect of the periodic deformation of the black phosphorus on its optical properties can be 
spatially resolved by means of a recently developed hyperspectral imaging spectroscopy 
technique, described in detail in Ref. [33]. Figure 1b shows the absorption spectra acquired at 
different positions on the black phosphorus flake indicated with colored circles: on three ripple 
summits, on three ripple valleys and on three flat regions. On the bottom part of the ripples the 
absorption edge (i.e. a photon energy above which the material’s absorption sharply increases due 
to the excitation of carriers from the valence band to the conduction band) occurs at an energy 
lower than 1.4 eV. Interestingly, the absorption edge is strongly blue-shifted by ~700 meV on the 
summits relative to the valleys (see arrow). From Figure 1b, it seems that the valleys are more 
shifted with respect to the flat regions than the summits. We attribute this to the presence of a 
global compressive strain because of the fabrication method employed that relies on the uniaxial 
compression of the black phosphorus flake / PDMS stack. Note that the studied multilayer black 
phosphorus flakes are expected to have a band gap smaller than 1.4 eV and thus the observed 
sudden increase in the absorption coefficient is not directly the modulation of the band gap. As 
explained in the theory discussion below, however, this high energy absorption turns out to follow 
the same modulation as the gap with strain, so that the absorption edge shifts are an indirect 
measurement of the gap modulation. The whole optical absorption curve is therefore blue- (red-) 
shifted at positions under tensile (compressive) strain. This is once more in contrast with other 2D 
semiconductors where an opposite sign of the strain-induced band gap change has been 
observed.20–25  
A deeper insight into the spatial variation of the absorption edge energy can be obtained through 
iso-absorption maps that represent the energy at which the local absorption at each sample position 
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reaches a certain value. In Figure 1c we present an iso-absorption map that shows the spatial 
dependence of the absorption edge onset across the rippled black phosphorus sample (see the 
Supporting Information for more details about the hyperspectral technique and data analysis used 
to build up this map). The energy at which the black phosphorus sample presents the same 
absorption value follows the pattern imposed by the periodic ripples that induce localized tensile 
and compressive strains. A line cut along an area containing 11 periods and a flat region shows 
that the absorption edge shifts by a +10% on the summits and a –30% on the valleys with respect 
to the flat region (presumably unstrained), which stems from an equivalent strain-induced 
modulation of the gap. Note that the exact shift of the absorption edge (in %) depends on the 
absorption value employed to build up the iso-absorption map (see thee Supporting Information) 
and thus this method should be used to extract qualitative information about the spatial variation 
of the absorption edge rather than accurate energy values of the absorption edge which should be 
extracted from the plots displayed in Figure 1b. Nonetheless, these values are much larger than 
those observed in MoS2 by photoluminescence measurements (up to 5% band gap change for 
comparable strain levels).20–25  
The above experimental results can be understood in the framework of a theoretical tight-binding 
model, where the electron hopping processes depend on the relative angle and on the relative 
atomic separation between atoms.34 This technique is especially appropriate to study the response 
of finite samples to non-uniform strain profiles, which is the case of interest here. First-principle 
methods, on the other hand, are not well suited to analyze this problem because of the huge unit 
cell that must be considered, making the calculation extremely expensive in computational terms. 
Black phosphorus consists in puckered atomic layers of phosphorus weakly coupled together by 
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van der Waals interaction.35 We use a tight-binding model that considers ten intra-layer and four 
inter-layer hopping terms (Fig. 2a) which properly accounts for valence and conduction bands for 
energies ~ 0.3 eV beyond the gap.36,37  For a given profile of strain, the atoms modify their positions 
with respect to the equilibrium configuration, their new relative separation defined as ?⃗? 𝑖𝑗 = (𝕀 +
𝜺)?⃗? 𝑖𝑗
0  where 𝕀 is the identity matrix, ?⃗? 𝑖𝑗
0  is the vector connecting sites i and j in the undistorted 
lattice, and the well-known anisotropy of the elastic properties of black phosphorus is included in 
the strain tensor 𝜺 , which takes different forms for strain applied along zigzag or armchair 
directions (see Methods and Supporting Information for more details). The hopping terms 𝑡𝑖𝑗 
depend on  ?⃗? 𝑖𝑗 , so they will be modified by a small-to-moderate ripple strain as 
38,39 𝑡𝑖𝑗 =
𝑡𝑖𝑗
0 (1 − 𝛽𝑖𝑗
𝛿𝑅𝑖𝑗
𝑅𝑖𝑗
0 ), where 𝑡𝑖𝑗
0  is the corresponding hopping term in the undistorted lattice, 𝑅𝑖𝑗 =
|?⃗? 𝑖𝑗| is the inter-atomic distance in the strained lattice,  𝛿𝑅𝑖𝑗 = 𝑅𝑖𝑗 − 𝑅𝑖𝑗
0  and 𝛽𝑖𝑗 = 𝑑 log 𝑡𝑖𝑗/
𝑑 log𝑅𝑖𝑗 is the deformation coupling. In the absence of any experimental or theoretical estimation 
of the coupling, we use the so-called Wills-Harrison 40 argument to assume 𝛽𝑖𝑗 ≈ 3 (see Materials 
and Methods and Supporting Information for more details on the tight-binding model and on the 
elastic properties of black phosphorus). 
The calculated electronic band structure for a monolayer with different values of uniaxial strain is 
shown in Fig. 2b, with the result that the gap increases (decreases) for tensile (compressive) strain, 
in agreement with our experimental measurements of Fig. 1. This behavior is generic, and is also 
obtained for multilayers and bulk black phosphorus. The experimental ~18-layer sample is 
expected to be accurately modeled by the bulk limit, as all spectral and optical properties quickly 
converge to said limit above ~12 layers.41 To connect the spectral properties to the optical 
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properties of strained black phosphorus, we have used the Kubo formula to compute the optical 
conductivity of both undoped single layer and bulk black phosphorus for different values and 
directions of uniaxial strain. In agreement with previous results for unstrained black 
phosphorus,42,43 the material exhibits a strong linear dichroism, i.e. a strong difference in optical 
conductivity for incident light polarized along zigzag 𝜎𝑍𝑍(𝜔) and armchair 𝜎𝐴𝐶(𝜔) directions, 
normalized to σ0 = 2e2/h (see Fig. 2c-d). The modulation of gap with strain is directly observed in 
optical conductivity as a blue (red) shift of the onset at photon energy equal to the gap, above 
which optical transitions are allowed, although in the bulk limit it lies at energies ~0.3 eV, below 
our detection threshold. As shown in Figure 2c-d, however, the whole 𝜎𝐴𝐶(𝜔) curve jointly shifts 
with strain similarly to the band gap (Figure 2b). The expected change in bulk 𝜎𝐴𝐶(𝜔) with a ± 
5% strain modulation in the energy window of our experiment is in the ~ 800 meV range, 
compatible with the observed shift in the optical absorption of Figure 1b. 
Having analyzed the electric and optical properties of black phosphorus under homogeneous strain, 
we now exploit the tight-binding model to study the case of non-uniform strain relevant to our 
rippled samples. We consider an undulated monolayer with 500 nm period ripples (perpendicular 
to the armchair direction as in the experiment), subjected to a sinusoidal strain profile as the one 
sketched in Figure 3a, where maximal tensile and compressive regions occur at the summit and 
valleys of the ripples, respectively (see Supporting Information for more details on the calculation, 
and results for the zig-zag case). The local density of states (LDOS) corresponding to such 
configuration is presented in Figure 3b, which shows how the local gap is maximum at the 
summits, where the sample is under tension, and minimum at the valleys, for which it is maximally 
compressed. Such numerical results agree with the experimental optical absorption spectra of 
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Figure 1, and confirm the extraordinary tunable properties of black phosphorus with strain. 
Notably, moreover, they show that the gap modulation, even for the narrow 500 nm ripples 
considered in our simulation, gives rise to strong quantum confinement of carriers within ripple 
valleys at low enough temperatures. This is apparent from the formation of quasi-1D subbands in 
the LDOS (sharp van-Hove resonances as a function of energy). The spatial width of the lowest 
mode is a mere ~130-160 nm, with a distance to the next subband exceeding 20 meV even in the 
multilayer case (see Supporting Information for more details). While our experimental 
observations are performed at room temperature, and are thereby unable to resolve discrete 
subbands, they however unambiguously demonstrate that carriers are fully confined along the 
ripples, since otherwise the observed absorption edge would not be spatially modulated.  
It is interesting to summarize our results by comparing the effect of strain in black phosphorus to 
other two dimensional crystals, like transition metal dichalcogenides.20–23 Two considerations are 
in order: first, as we have seen, tensile (compressive) strain opens (closes) the gap in black 
phosphorus, whereas the opposite trend is observed for transition metal dichalcogenides. Second, 
the black phosphorus band structure is considerably more sensitive to strain than the electronic 
structure of transition metal dichalcogenides, spanning a range of around 0.7 eV in band 
modulation even with moderate strains. This is a consequence of the peculiar puckered lattice 
structure of black phosphorus layers. The gap in this material is mainly controlled by the ratio 
between in-plane and out-of-plane hoppings (𝑡1
∥ and 𝑡2
∥  in Fig. 2a, respectively), which are affected 
very differently by in-plane strains. This is in contrast to the case of transition metal 
dichalcogenides, whose gap essentially stems from onsite crystal fields on the metal orbitals, and 
is therefore much less sensitive to strains.  
 This is the post-peer reviewed version of the following article:  
J. Quereda et al. “Strong modulation of optical properties in black phosphorus through strain-engineered rippling”  
Nano Letters (2016) 
DOI:10.1021/acs.nanolett.5b04670 
Which has been published in final form at: 
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b04670  
  
 11 
Our results moreover suggest that black phosphorus is an extraordinary candidate to create exciton 
funnels,27 but unfortunately our spatially resolved optical spectroscopy technique is not suitable to 
probe these excitonic effects. The funnel effect arises in the presence of a spatial modulation of 
the band gap in a reduced spatial region. As we have shown, this modulation is huge in our 
samples, of up to ~0.7 eV. This is expected to lead to strong confinement of carriers into narrow 
one-dimensional ~150 nm wide quantum wires formed along the valleys of the sample ripples (see 
Figure 3). If the lifetime of carriers is large enough to permit sufficient exciton drift before 
recombination, the excitons will be funneled into the quantum wires until the recombination takes 
place. Funneling has been recently proposed as a powerful strategy to enhance the efficiency of 
photovoltaic energy harvesting devices by facilitating the collection of photogenerated 
carriers.23,27,28 More fundamentally, it has also been discussed as an interesting avenue to create 
exciton condensates in solid state devices, with trapping potentials ~20 meV that are much stronger 
than those achieved by alternative implementations based on the AC Stark effect (reaching 5 meV 
confining potential).44  
MATERIALS AND METHODS 
We prepared black phosphorus nanosheets on elastomeric substrates (Gel-Film® PF 6.5mil ×4 
films) by mechanical exfoliation of bulk black phosphorus crystals (Smart Elements) with blue 
Nitto tape (Nitto Denko Co., SPV 224P). Gel-Film® is a commercially available elastomeric film 
based on poly-dimethyl siloxane (see the Supplementary Information in Ref. [23] for a 
characterization of the Gel-Film® material). We located few-layer black phosphorus sheets under 
an optical microscope (Nikon Eclipse LV100) and determined the number of layers by their 
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opacity in transmission mode (see the Supplementary Information for more details on the thickness 
determination of the flakes).  
The topography of the ripples has been characterized by atomic force microscopy (AFM). A 
Nanotec Electronica Cervantes AFM microscope (with standard cantilevers with spring constant 
of 40 N/m and tip curvature <10 nm) operated in the amplitude modulation mode has been used 
to study the topography of the ripples.  
The hyperspectral imaging setup used here has a spatial resolution of d = λ/2NA, where d is the 
smallest resolvable feature λ the illumination wavelength and NA the microscope objective 
numerical aperture (NA = 0.8 in our experimental setup). Which gives a spatial resolution value 
of ~550 nm at the longer wavelengths employed in this work. 
Theoretical modeling of the electronic band structure in the presence of local strain was performed 
by using a tight-binding Hamiltonian 𝐻 = (∑ 𝑡𝑖𝑗
∥ 𝑐𝑖
†𝑐𝑗〈〈𝑖,𝑗〉〉 + ∑ 𝑡𝑖𝑗
⊥𝑐𝑖
†𝑐𝑗〈〈𝑖,𝑗〉〉 ) + ℎ. 𝑐. where 𝑐𝑖
†(𝑐𝑖) 
creates (annihilates) an electron at site i. and The intra-layer hopping terms 𝑡𝑖𝑗
∥  considered in the 
model are shown in Fig. 2a with values that have been obtained by fitting to ab initio calculations 
36,37: 𝑡1
∥ = −1.486  eV, 𝑡2
∥ = 3.729  eV, 𝑡3
∥ = −0.252  eV, 𝑡4
∥ = −0.071  eV, 𝑡5
∥ = −0.019  eV, 
𝑡6
∥ = 0.186  eV, 𝑡7
∥ = −0.063  eV, 𝑡8
∥ = 0.101  eV, 𝑡9
∥ = −0.042  eV and 𝑡10
∥ = 0.073  eV. 
Multilayer samples are considered by including four inter-layer hopping terms 𝑡𝑖𝑗
⊥  in the 
Hamiltonian, with values: 𝑡1
⊥ = 0.524 eV, 𝑡2
⊥ = 0.180 eV, 𝑡3
⊥ = −0.123 eV and 𝑡4
⊥ = −0.168 
eV. In the presence of an external strain field, the hopping terms are modified as 𝑡𝑖𝑗 =
𝑡𝑖𝑗
0 (1 − 𝛽𝑖𝑗
𝛿𝑅𝑖𝑗
𝑅𝑖𝑗
0 ), where 𝑡𝑖𝑗
0  and 𝑅𝑖𝑗
0 = |?⃗? 𝑖𝑗
0 | refer to the hopping and inter-atomic distances in the 
undistorted lattice, 𝛿𝑅𝑖𝑗 = 𝑅𝑖𝑗 − 𝑅𝑖𝑗
0  and 𝛽𝑖𝑗 = 𝑑 log 𝑡𝑖𝑗/𝑑 log 𝑅𝑖𝑗  is the deformation coupling 
38,39. The separation between i and j sites in the presence of strain can be obtained as ?⃗? 𝑖𝑗 = (𝕀 +
𝜺)?⃗? 𝑖𝑗
0  where 𝕀 is the identity matrix and 𝜺 is the strain tensor. Black phosphorus is known to be an 
extremely anisotropic crystal, with the in-plane anisotropy of the elastic properties being encoded 
in the strain tensor 𝜺, defined as 𝜺𝑍𝑍 = 𝜖(𝑥) (
1 0 0
0 −𝜈𝑦𝑥 0
0 0 0
) for uniaxial strain along the zigzag 
direction, and 𝜺𝐴𝐶 = 𝜖(𝑦)(
−𝜈𝑥𝑦 0 0
0 1 0
0 0 −𝜈3
)  along the armchair direction. In the above 
expressions, 𝜈𝑥𝑦 ≈ 0.2 and 𝜈𝑦𝑥 ≈ 0.7 are the corresponding Poisson ratios, which account for the 
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in-plane deformation of the crystal in the perpendicular direction to the applied strain.13 Whereas 
an externally applied uniaxial strain along the zigzag direction does not lead to a significant 
deformation in the perpendicular direction, this is not the case if the strain is applied along the 
armchair direction, which induces a considerably flattening (widening) of the lattice for tensile 
(compressive) strain. This effect is accounted for by the Poisson ratio, which (absent quantitative 
experimental or numerical information) we take as 𝜈3 ≈ 0.2 for single-layer phosphorene 
19 and 
𝜈3 ≈ 0.1  for bulk black phosphorus, estimated as 𝜈3 = |𝐶13/𝐶11|  from the elastic constants 
calculated in Ref. 45. To compare with our experiments, the modulation of the uniaxial strain is 
chosen to be defined by a sinusoidal function 𝜖(𝑦) =
𝜖0
2
cos(2𝜋𝑦/𝐿) where 𝐿 is the period of the 
undulation and 𝜖0 ≈ 0.05  is the estimated strain difference between the summits (which are 
tensioned with strain +𝜖0/2) and the valleys (which are compressed with strain −𝜖0/2). The 
calculation of band structure, optical conductivity and local density of states based on the above 
tight-binding model have been performed using the MathQ package, developed by P. San-Jose. 
Source: http://www.icmm.csic.es/sanjose/MathQ/MathQ.html. (See Supporting Information for 
more details on the theoretical model). 
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FIGURES  
 
Figure 1. Experimental realization of periodically strained black phosphorus. a Transmission-
mode optical image of a ripples 10 nm thick black phosphorus flake. The inset shows a sketch of 
the crystal lattice orientation, determined from the measurement of its linear dichroism (see 
Supporting Information for more details). Below the optical image, an atomic force microscopy 
topography image acquired on the region highlighted with the dashed rectangle in a is shown. b 
Optical absorption spectra acquired on three ripple summits, three valleys and three flat regions, 
indicated with coloured circles in a.  c Iso-absorption map that represents the energy at which α2 
= 7.5·10-11 cm-2 at each sample location. The map illustrates how the absorption spectra spatially 
varies due to the periodic compressive and tensile stress induced by the ripples. A linecut along 
the dashed line is showed below the iso-absorption map. 
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 15  
Figure 2. Black 
phosphorus under 
uniform strain: 
theoretical tight-binding 
calculations. a Crystal 
structure of black 
phosphorus, where the 
relevant hopping 
amplitudes considered in 
the tight-binding model 
are shown by arrows. b 
Calculated band structure 
of single layer black 
phosphorus in the absence 
of strain (center), under 
compressive strain (left) 
and under tensile strain 
(right). The red lines are 
guides to the eye that 
show the evolution of the 
band edges. c-d Optical 
conductivity of single 
layer and bulk black 
phosphorus for different 
values of applied strain 
along zigzag (𝜎𝑍𝑍) and 
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armchair (𝜎𝐴𝐶) directions. 
The full photon energy 
range is shown in the 
insets without strains. 
 
Figure 3. Black phosphorus under non-uniform strain: theoretical tight-binding calculations. 
a Sketch of the rippled black phosphorus monolayer on an elastomeric substrate (white) used to 
model the experimental system. The cartoon also shows in red (tensile) and blue (compressive), 
the strength of strain induced on the black phosphorus. The ripple orientation is perpendicular to 
the armchair axis, and the period is 500 nm. The difference between maximum and minimum strain 
- - -
( )
Δ
/Δ
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is 5%. b Local density of states, with several quantum-confined channels (fundamental mode ~150 
nm wide, spacing 25 meV). c Normalized band gap modulation along the ribbon, around ± 1.5% 
per percentage of uniaxial strain in the monolayer. 
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1. Buckling-induced rippling 
 
Figure S1 shows schematically the process followed to fabricate the rippled black phosphorus flakes. The method is 
based on pre-stretching the PDMS substrate before transferring the black phosphorus flakes. Once the flakes are 
attached to the PDMS, the substrate is allowed to retract to its original shape. In consequence, the flakes experience 
an effective compressive force, causing the formation of the ripples. 
 
When a thin elastic film adhered onto a compliant substrate is subjected to uniaxial compressive strain above a certain 
critical value 𝜖c, it undergoes a rippling process due to the trade-off between the buckling of the thin film and the 
adhesion between the thin film and the substrate. Specifically, the value of 𝜖c depends on the plane-strain moduli of 
the film and the substrate, ?̅?f and ?̅?s respectively as [S1]  
𝜖𝑐 =
1
4
(
3?̅?s
?̅?f
)
2
3
.  (S1) 
These ripples have a sinusoidal shape given by [S2]  
𝑑(𝑥) =
𝛿
2
[1 + cos (
2𝜋𝑥
𝜆
)],  (S2) 
where 𝑑(𝑥) is the height at a given position x along the ripple. The period of the ripples depends on the ratio of the 
plane-strain moduli, ?̅?f and ?̅?s, and on the thickness of the thin film, h, as 
𝜆 = 2𝜋ℎ (
?̅?f
3?̅?s
)
1
3
  (S3) 
And the amplitude of the ripples depends on the ratio between the critical strain value 𝜖c, the applied compression 
strain 𝜖, and the thickness of the thin film, ℎ: 
 
𝐴 = ℎ√
𝜖
𝜖𝑐
− 1  (S4) 
This sinusoidal ripples are often observed in thin film sample fabrication processes and have has been experimentally 
reported for smaller samples, including graphene and molybdenum disulfide [S3-S5]. 
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Figure S1 – Process of fabrication of rippled black phosphorus flakes 
on top of a PDMS substrate. (a) The process starts by laterally 
stretching a PDMS strip applying a mechanical tensile force. (b) 
Then, few-layer black phosphorus flakes are transferred to the PDMS 
from a Nitto tape. (c) Finally, the strip is released, causing its 
retraction and the black phosphorus flake experiences an effective 
compressive force, which leads to the formation of ripples. (d) Lateral 
profile of the rippled flake and PDMS substrate. 
 
 
 
2. Black phosphorus thickness determination 
 
The thickness determination through atomic force microscopy (AFM) results challenging on top 
of elastomeric substrates (see the Supporting Information of Ref. [S6]). Moreover, the fast 
degradation of the exfoliated black phosphorus flakes in ambient conditions makes it necessary to 
develop a fast and non-destructive method to determine the thickness of the studied black 
phosphorus flakes.  
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Figure S2. (a) Transmission optical image of a black phosphorus flake with regions of different thicknesses, transferred onto a 
elastomeric Gelfilm® substrate. (b) Thickness-dependent light transmission spectra of the black phosphorus flake shown in (a) 
under three different illumination wavelengths. Dots are experimental values of transmission measured in regions of black 
phosphorus of different thicknesses, measured with an AFM. Solid lines are fits of the experimental data to a 3rd order 
polynomial. Comparing those fits with the light transmission of the flake shown in the main text it is possible to determine its 
thickness. We find a thickness value of 10 ± 2 nm. (c) Reflection optical micrograph of the same crystal transferred onto a 300 
nm SiO2 / Si substrate to perform AFM measurements. (d) AFM image of the region marked by a rectangle in (c), showing 
four regions with different thicknesses. Insert: Scan profile along the dashed line marked in (d). 
 
First we measure the light transmission in various regions of black phosphorus flakes with different 
thicknesses under monochromatic illumination with different wavelengths, selected using optical 
filters (see Figure S2a). Then we transfer the flakes onto a SiO2/Si substrate, as shown in Figure 
S2c, using a recently reported transfer technique [S7] and we measure their thickness through 
contact-mode AFM (Figure S2d).  
Figure S2b shows the thickness-dependent light transmission of black phosphorus flakes under 
three different illumination wavelengths (500 nm, 650 nm and 820 nm), as well as their fit to a 3rd 
order polynomial function. Comparing those fits with the optical transmission measured at the 
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rippled flakes we are able to determine the thickness of black phosphorus flakes. Using this method 
we get a thickness of 10 ± 2 nm for the flake shown in Figure 1 of the main text. 
 
3. Determination of the black phosphorus crystal orientation 
 
The marked structural anisotropy of black phosphorus is the stem of its anisotropic optical, 
mechanical and electrical properties. One can exploit its marked linear dichroism, optical 
absorption that depends on the relative orientation between the materials lattice and incident 
linearly polarized light, to determine the crystal lattice orientation of a certain black phosphorus 
flake.  
The anisotropic optical properties of black phosphorus are characterized by transmission mode 
optical microscopy. A linear polarizer is placed between the microscope light source and the 
condenser lens. Transmission mode images are acquired while the polarizer is rotated in steps of 
3°. The transmission is then calculated by normalizing the intensity measured on the black 
phosphorus flake by the intensity measured on the nearby bare substrate. Figure S3 shows a polar 
plot with the angular dependence of the transmission of a black phosphorus nanosheet (showed as 
a water mark inside the polar plot).  The polar-plot clearly shows marked linear dichroism: the 
optical transmission reaches a maximum value when the excitation light is polarized along the 
zigzag direction.[S8] In this case, the zigzag direction is parallel to a straight edge of the black 
phosphorus flake. 
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Figure S3 – Angular dependence of the optical 
transmission, measured on a black phosphorus flake (water 
marked inside the polar plot) by varying the angle of the 
linearly polarized illumination. Lines with different colors 
correspond to the different channels (Red, Green and Blue) 
of the color CCD camera employed for this measurement. 
 
4. Results on additional black phosphorus samples 
 
 
Figure S4  – (a) Transmission optical image of a 30 nm 
thick rippled black phosphorus flake. Insert: Schematic 
cartoon indicating the orientation of the crystalline 
lattice. (b) Iso-absorption map of the same region shown 
in (a) at α2=1011 cm-2. Insert: Iso-absorption energy 
profile along the dashed line. (c) Squared absorption 
coefficient as a function of the illumination photon’s 
energy in the two regions marked with ‘x’ symbols in 
(a). 
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Figure S5 – (a) Transmission optical image of a black 
phosphorus  flake. The region marked by the dashed 
square has an estimated thickness of 30 nm. Insert: 
Schematic cartoon indicating the orientation of the 
crystalline lattice. (b) Iso-absorption map of the region 
marked in (a) by a dashed square at α2=1011 cm-2. 
Insert: Iso-absorption energy profile along the dashed 
line. (c) Squared absorption coefficient as a function of 
the illumination photon’s energy in the two regions 
marked with x symbols in (a). 
 
 
 
Figure S6 – (a) Transmission optical image 
of a black phosphorus flake. Insert: 
Schematic cartoon indicating the orientation 
of the crystalline lattice. (b) Squared 
absorption coefficient as a function of the 
illumination photon’s energy in the three 
regions marked with x symbols in (a), 
corresponding to a flake thickness of 12 nm. 
(c) Transmission optical image of a black 
phosphorus flake. Insert: Schematic cartoon 
indicating the orientation of the crystalline 
lattice. (d) Squared absorption coefficient as 
a function of the illumination photon’s 
energy in the three regions marked with x 
symbols in (c), corresponding to a flake 
thickness of 25 nm. 
5. Photocurrent spectroscopy of unstrained black phosphorus 
The absorption spectra in Figure 1b drops (in the case of the topmost part of the ripples even below 
the resolution limit of our experimental setup) at 1.4-1.8 eV, In order to determine whether the 
absorption drop observed in the 1.4-1.8 eV range is related to the fundamental absorption edge 
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(transitions between the top of the valence band and the bottom of the conduction band) or is due 
to a higher energy optical transition we have fabricated a ~10 nm thick black phosphorus 
photodetector and we studied its photocurrent (which is approximately proportional to the 
absorption) as a function of the illumination wavelength. This approach allows us to overcome the 
limitation of our detector. 
 
The black phosphorus photodetector is fabricated by deterministic transfer of the mechanically 
exfoliated material on pre-patterned Au electrodes on SiO2/Si
+.[S7] Briefly, the bulk material is 
exfoliated with an adhesive tape (Nitto tape), obtaining the exfoliated source material which is 
subsequently exfoliated with a polydimethylsiloxane (PDMS, Gelfilm from Gelpak) stamp. 
Several flakes with different thicknesses remain adhere to the stamp and their thickness can 
identified by optical microscopy in transmission mode. The desired flake is then deterministically 
transferred on the substrate, consisting of two Ti/Au (5 nm / 50 nm) electrodes, separated 10 µm, 
which have been previously patterned by electron-beam induced shadow-mask evaporation on a 
SiO2 layer (285 nm) thermally grown on a highly p-doped Si substrate. The sample is then annealed 
at 100 ºC in vacuum (P ~ 1 mbar) during 20 minutes to improve the electrical contact between the 
flake and the electrodes. In Figure S7a we can see an optical microscopy image of the fabricated 
device. 
 
The optoelectronic characterization is performed in a homemade probe station operating in 
ambient conditions (air atmosphere), right after sample preparation to avoid degradation of the 
material.[S9] Figure S7b shows an artistic representation of the measurement: a light spot with a 
known diameter, wavelength (provided by a LED source, Thorlabs) and power (previously 
measured) is used to illuminate the material with modulated intensity at 0.25 Hz. The drain-source 
current is measured as a function of time while the LED is switched on and off, allowing to 
determine the photocurrent (Iph), defined as the difference of the current upon illumination and in 
drak conditions, of the device (Figure S7c). From this measurement with obtain photocurrent 
generation in a wide range of wavelengths from the ultraviolet (UV) up to the near-infrared (NIR) 
region of the spectrum, in good agreement with previously reported experiments.[S10] We can also 
calculate the responsivity (R) of the device as a function of the light wavelength, defined as the 
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ratio between the generated photocurrent and the light power: R = Iph/P. The responsivity is usually 
calculated using the light effective power (Peff) instead of the total power, giving a more accurate 
number, which is defined as: Peff = P·Adev/Aspot, where Adev is the area of the flake lying in between 
the electrodes and  Aspot is the area of the light spot. The calculated responsivity is shown in Figure 
S7d, where we see a maximum value of ~ 90 mA·W-1 upon illumination with light wavelength of 
1500 nm, in good agreement with previously reported values.[S11] 
 
 
Figure S7 (a) Optical microscopy image of the photodetector based on a black-phosphorus flake. (b) Artistic representation of 
the photocurrent measurement of the photodetector based on a black-phosphorous flake. (c) Photocurrent (difference between 
the current upon illumination and in dark conditions) time response of the black-phosphorus based photodetector for different 
wavelengths. (d) Responsivity as a function of the LED photon energy. 
 
6. Generation of iso-absorption maps 
 
In order to generate the iso-absorption maps we first acquire hyperspectral images of the rippled 
flakes as explained in detail in Ref. [S12]. Then, we calculate the wavelength-dependent 
absorption coefficient, α, for each location on the sample by the using: 
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α = - Ln(T) / d 
where T is the light transmission (i.e. the ratio between the light intensity transmitted by the flake 
and the light intensity transmitted by the substrate) and d is the flake’s thickness. 
Finally, at each sample location the excitation energy value at which the α2 value matches a certain 
cut-off value (iso-absorption energy) is extracted and it is represented in a color map form. 
 
Figure S8: Iso-absorption energy values obtained 
from the dataset displayed in Figure 1c (main text) 
for different α2 threshold values. Note that for 
lower and lower threshold values the iso-absorption 
energy becomes better and better estimate of the 
band gap energy. For low α2 threshold values, on 
the other hand, the uncertainty in the determination 
of the isoabsorption energy increases. Thus we 
have employed 7.5·10-11 cm-2, value where the 
uncertainty starts to increase more pronounced, to 
prepare the Figure 1c of the main text. 
 
 
7. Orientation of the ripples with respect to the crystal lattice 
 
During this work we found out that the ripples on the black phosphorus samples tend to be aligned 
preferentially parallel to the zigzag direction. Figure S9 shows examples of rippled black 
phosphorus flakes whose crystal lattice orientation has been determined by measuring their linear 
dichroism on a flat region of the flake. Figure S9h shows a histogram with the angles formed 
between the ripples and the zigzag direction which illustrates how the ripples typically occur 
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around the zigzag direction. This is in agreement with recent theoretical works that predict that the 
zigzag direction is about 4 times stiffer than the armchair direction. 
 
Figure S9 – (a-g) Optical images of various thin black phosphorus crystals with ripples, showing the orientation of the zigzag 
and armchair crystalline directions (h) Histogram showing the orientation of valleys and peaks from different flakes. The solid 
red line is a Gaussian fit of the histogram. The valleys and peaks tend to align with the zigzag direction of the crystalline lattice. 
 
8. Tight Biding Model 
 
Black phosphorus lattice (Figure S10a) is rectangular with lattice parameters 𝑎1 = 3.3 Å and 𝑎2 =
4.64 Å , each unit cell containing 4 atoms in a 
puckered structure. By fitting with Ab Initio 
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calculations, it has been shown in Ref. [S13] that the electronic band structure of black phosphorus 
can be well described by a suitable tight-binding model 
                                                                                                                                                                                                      
(S5) 
   
 
where the 𝑡𝑖𝑗
∥  are intra-layer hoppings and 𝑡𝑖𝑗
⊥   are the inter-layer hoppings. The relevant hopping 
amplitudes are shown in Figure S10(a) and their corresponding values are given in Table S1. Band 
structure for black phosphorus monolayer, obtained from (S5) putting 𝑡𝑖𝑗
⊥ = 0 is shown in Figure 
S10(b). In Figure S10(c) we plot the energy bands for a sample with 18 layers, which is the typical 
thickness of the samples studied in our experiments. 
 
Table S1. Values of the tight-binding parameters for the in-plane and 
out-of-plane hopping amplitudes [S13]. 
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Figure S10: (a) Energy bands for black phosphorus monolayer obtained from the tight-binding model. The Brillouin zone is shown 
in the inset. (b) Band structure for a sample with 18 layers. 
9. Strain Effects on Band Gap: the uniform case 
 
As explain in Methods, within the Slater-Koster scheme the hopping amplitudes are functions of 
the interatomic distances. When the sample is subjected to an external strain, such distances are 
modified according to the corresponding strain tensor, and the new atomic positions determine the 
modification to the hopping amplitudes. The change of the most relevant hopping terms with strain 
is shown in Figure S10 for uniaxial strains along the two principal directions of the lattice. As 
discussed in the main text, the gap in the monolayer is controlled to leading order by the 
combination Δ ≈ (4𝑡1
∥ + 2𝑡2
∥). Since the two hopping amplitudes have different sign (see Table 
S1), and 𝑡2
∥ is much less sensitive to external strain than 𝑡1
∥, as inferred from Figure S11, the effect 
Γ
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-
-
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of strain on the gap size is much more important in phosphorene than in other 2D crystals as MoS2, 
where the size of the gap mainly depends on the crystal fields of the orbitals of the metal atoms, 
which are almost independent of strain.  
 
                    
Figure S11: Hopping amplitudes 𝑡1
∥ and 𝑡2
∥ as a function of strain, normalized to their corresponding value in the undistorted lattice 
(𝑡01
∥  and 𝑡02
∥  respectively). Panel (a) corresponds to uniaxial strain along the zigzag direction, and (b) along the armchair direction, 
which has a more pronounced dependence. 
 
In Figure S12 we present the modulation of the gap due to shear strain. The gap variation due to 
shear strain does not depend on its direction (armchair or zig-zag).  
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Figure S12: Band gap renormalization due to 
shear strain in a black phosphorus monolayer.  
 
10. Optics in Black Phosphorus 
 
In order to match with experimental results about optical absorption, we have computed the (real 
part of the) optical conductivity as a function of photon energy using the Kubo formula, 
 (S6) 
In (S6) A is the area of the unit cell, Ψ𝑛(?⃗? ) is the eigenstate relative to energy 𝐸𝑛 , 𝑓(𝐸𝑛) =
1 (1 + 𝑒𝛽𝐸𝑛)⁄  is the Fermi distribution, considering that the Fermi level is taken inside the gap, 
and the velocity operators.  
Linear polarized light gives access to anisotropic features of 𝜎(𝜔). It has already been predicted 
[S14,S15] that conductivity along the armchair direction 𝜎𝐴𝐶(𝜔) is an order of magnitude larger 
than along zig-zag direction 𝜎𝑍𝑍(𝜔). In Figure 2c and 2d of the main text these two component, 
normalized to the conductance quantum 𝜎0 = 2𝑒
2/ℎ, are plotted as a function of the photon energy 
ħω. In Figure S13 we present the optical conductivity as a function of the polarization angle 𝜃 of 
incident light 
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As reported in References [S14] and [S15] the 8-like shape can be smoothed into an ellipsoidal 
shape by the presence of disorder, such as vacancies or ad-atoms. This smoothing is compatible 
with the experimental curves for optical absorption shown in Section 2 of this Supplementary 
Information.  
 
Figure S13. Anisotropic 
optical conductivity for black 
phosphorus sample with 18 
layers. The strain is applied 
along the zig-zag direction. 
 
11. Non-uniform Strain in phosphorene nanoribbons 
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Motivated by the dependence of gap on strain highlighted in the previous sections, here the effects 
of non-uniform uniaxial stress will be analyzed. We model the experimental situation with a 
sinusoidal uniaxial strain profile along the armchair direction  
 
𝜺𝐴𝐶 = 𝜖(𝑦)(
−𝜈𝑥𝑦 0 0
0 1 0
0 0 −𝜈3
) 
 
where 𝜖(𝑦) =
𝜖0
2
cos(2𝜋𝑦/𝐿). We now consider the local density of states (LDOS) in the presence 
of this non-uniform strain. The LDOS is defined as  
 
where 𝐸𝑛(?⃗? ) and |Ψ𝑛(?⃗? )⟩ are the eigenvalues and eigenstates of the Bloch Hamiltonian 𝐻(?⃗? ) 
defined on the ripple unit cell, of size 𝐿𝑥 × 𝐿𝑦. We consider ripples perpendicular to the armchair 
direction, of period 𝐿𝑦. The above equation is evaluated by discretizing the Brillouin zone and 
approximating the δ functions by narrow normalized Gaussians. 
The LDOS 𝜌(𝐸, 𝑦) was computed for an infinite rippled monolayer, with a period 𝐿𝑦 = 500nm 
and a strain variation 𝜖0 = 5% . The results are shown in Figure 3b of the main text. The 
modulation of the gap produced by the sinusoidal strain produces quantum confinement of carriers 
into discrete 1D channels. The lowest modes in both conduction and valence bands are localized 
within ~150 nm of the ripple valleys, and are hence only disperse along the ripples (y direction). 
The subband spacing in this case is around 25 meV, i.e. around room temperature. 
We have furthermore analysed the LDOS for ripples perpendicular to the zig-zag edge, for a ripple 
period of 250 nm, see Fig. S14. The gap modulation is similar, although somewhat smaller, than 
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for the armchair case. This similarity is expected, as the gap-modulation mechanism relies on the 
change of 𝑡2║/𝑡1║ with uniaxial strain, which is roughly equivalent in all directions. 
 
 
Figure S14. Local density of states, with several quantum-confined channels for zig-zag ripples with a 250 nm period.  
 
 
The experimental sample has an estimated thickness of about 18 layers. We now show that the 
above qualitative picture of quantum confinement in the monolayer carries over to the realistic 
multilayer case. We first consider a bilayer, with a period 𝐿𝑦 = 250 nm, and the same value for 
the strain 𝜖0 = 5%. The LDOS is shown in Figure S15(a,b) for the conduction and valence bands, 
respectively. We note the same pattern of discrete 1D channels developing in this case, since the 
period 𝐿𝑦 , albeit shorter than in the previous simulation, is still larger than the quantum 
confinement length ~100 nm. The subband spacing is ~50 meV. 
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An alternative way to picture the effect of quantum confinement is to plot the spatial density of 
the quantum wire eigenmodes for zero momentum along the ripples 𝑘𝑥 =  0 (i.e. |⟨𝑦|Ψ𝑛(𝑘𝑦)⟩|
2). 
This is shown in Figures S15(c,d), together with the dispersion of the subbands (dashed curves) 
along the ripples (i.e. 𝐸𝑛(𝑘𝑦)). We see that different modes are characterized by an increasing 
number of nodes and larger spatial width. The width eventually reaches the lattice period when the 
mode has an energy comparable to the local gap at the summit (fifth mode –blue- in Figure 
S15(c,d)), at which point the mode ceases to be confined and disperses along both x and y 
directions. 
For a rippled sample with 18 layers, the mode bandstructure is considerably denser, as can be seen 
in Figure S15(e,f). However, both the confinement length and subband spacing of the lowest mode 
remains comparable to those of the monolayer, at ~100 nm and ~20 meV respectively.  
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Figure S15. Local density of states and bandstructure of a black phosphorus multilayer. (a,b) Local density of states for a rippled 
bilayer with ripple period 𝐿𝑦 = 250nm, and maximum strain modulation 𝜖0 = 5%. (c,d) Wavefunction probability density of the 
quantum-confined 1D modes as a function of position perpendicular to the ripple. Dashed lines show their dispersion along the 
ripple. Only energies within the gap modulation, for which confinement occurs, are shown. (e,f) Same as (c,d) for an 18 layer 
rippled sample, exhibiting similar spatial width and subband spacing of the fundamental modes (red). 
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